The spike forging test is still commonly used although there are some new tribology test methods, but each designer would like to give their own parameters. Considering the spike height difference between low friction and high friction as the evaluation index, an optimal spike forging test developed using finite element simulations based on orthogonal optimization method and sensitivity analysis of tribological conditions of selected key design parameters was carried out. The spike height does not always monotonically decrease with the increase in friction factor in the scheme with improper parameters; therefore, the design of spike forging test should be critically evaluated before assessing tribological conditions. According to the optimized parameters, a simplified set-up of spike forging test was designed, and two retainers with a clearance fit and the billet with a chamfer were prepared to position the test billet. Finally, four different tribological conditions, including dry polytetrafluoroethylene lubricant, multipurpose grease, VG32 oil, and dry condition, in aluminum forging were chosen as a case study for the optimized design of spike forging test, and correspondingly, the lubricating effect was distinguished.
Introduction
With combined deformation modes of extrusion and upsetting, the spike forging process contains typical features of many forged products. Considerable interest has been given to study the spike forging process used as the finite element (FE) method. 1 Using the FE code ALPID, the effect of die chilling on metal flow during spike forging was investigated under different heat transfer conditions between the dies and the billets of Ti6242 alloy. 2 The generalization of a geometric linear viscoplastic model to finite strains and its numerical application was introduced and numerical computations of the spike forging process showed that the developed FE model enables accurate and reliable prediction of the studied spike forging process. 3 An updated Lagrangian method was also employed in the FE simulation using an automated remeshing procedure to overcome the difficulty of severely distorted mesh during the spike forging process. 4 An optimal die shape design was achieved by using a polynomial network and a genetic algorithm in a combined extrusion and forging process. 5 A simple model for measuring heat transfer coefficients between the workpiece and tooling in hot spike forging was developed and implemented using a user routine in FE code DEFORM 2D. 6 Material constitutive models were developed in spike forging of a CrMoV alloy steel using FE simulation with experimental validation. 7 The spike forging test (SFT) was also used to investigate the formability of superplastic forming of an aluminum alloy using a mechanical press. 8 The spike forging process can also be adopted to study material flow behavior and die filling characteristics under different hot forging conditions using different lubricants. 9 Based on the spike height variations and forging and ejection loads, spike forging process named SFT was used to evaluate tribological conditions using different lubricants. 10, 11 Since then, the SFT has been used to evaluate the lubricating properties of forging processes.
Except the SFT, there are lots of different kinds of tribology test methods which were proposed to investigate the tribological behavior during forging processes, such as ring compression test (RCT), 12 double cup extrusion test (DCET), 13, 14 twist compression test, 15 upsetting sliding test, 16 tip test, 17, 18 T-shape compression test, 19 and sliding compression test (SCT) 20, 21 Each tribology test method has its own advantages, and their characters have been carefully discussed in the literatures. 19, 20 Although there are some new test methods, SFT is obviously more representative of different bulk deformation modes rather than simple form of material deformation under compression, and the SFT is still commonly used in industry. However, there are considerable variations in the design and use of different parameters for SFT, which often result in inconsistency in evaluation of tribological conditions. Therefore, the aim of this study is to optimize SFT parameters and to develop a simplified set-up for SFT so that the optimized SFT parameters and set-up can be commonly used to evaluate tribological conditions under different forging conditions using different lubricants.
Optimization of SFT

Design parameters
As shown in Figure 1 , the spike forging die is defined by four geometric parameters, that is, top diameter d, transition radius r, cone angle a, and inclination angle b. During the test, a cylinder billet is deformed between the spike die and a flat die. The initial height H 0 and diameter D 0 of the billet are also considered to be the design parameters.
The ratio of the initial diameter and the height D 0 / H 0 is used to define the billet geometry. The diameter ratio d/D 0 reflects the degree of material deformation. The transition radius r, cone angle a, and inclination angle b are the design parameters of SFT. Different design parameters were used in SFT by different researchers and the variations of different values are summarized in Table 1 .
To achieve optimized design for SFT, the selection of the four parameters, including d/D 0 , a, r, and b, should be chosen so as to achieve the largest possible variations of the spike height. As given in Table 1 , four levels of variations of these four design parameters were used in the parametric study of SFT. According to the results that a billet of medium height is appropriate to evaluate interfacial friction, 22 the value of D 0 /H 0 is defined between 0.91 and 2.0, as shown in Table 2 .
Optimization objectives
As the spike height H after deformation varies depends upon the tribological conditions at the interface between the workpiece and the spike forging die, the spike height H is an evaluation index as shown in Figure 2 . Generally, the larger the spike height, the better the tribological condition. 11, 22 Considering the change of billet dimensions, the relative spike height H# = H/H 0 is used as a measure of the material deformation under the same height reduction of the billet. To achieve the maximum sensitivity of the friction conditions by measuring the spike height from SFT, the absolute height difference between low and high frictions d = H 0 low À H 0 high is used as the optimization objective, that is, the greater the d value, the greater the friction sensitivity of the SFT. 
FE-based design of experiments
To carry out the optimization, the orthogonal experimental design is adopted and a L 16 (4 5 ) table is determined as given in Table 3 , which requires 16 simulations at low-friction (m = 0.1) and 16 simulations at high-friction (m = 0.3) conditions. A twodimensional (2D) axisymmetric FE model in MSC (Marc) was built to run FE simulations under different friction conditions, and the velocity of spike forging die was assumed as 10 mm/s. Al6082 was used as the test material in SFT. A specific material law s = 191.88e 0.18 was derived from tensile testing, and the typical shear friction law was used to define the interfacial behavior. In FE simulations, the stroke is controlled to reach 70% of H 0 as shown in Figure 2 .
After each FE simulation, the spike heights of different schemes were measured, and H 0 low (m = 0.1), H 0 high (m = 0.3), and d were calculated as given in Table 3 . From Table 3 , it can be found that H 0 high (m = 0.3) is larger than H 0 low (m = 0.1) in some schemes including schemes 9-14 and 16, and it means that the spike height increases with the friction factor which is different from conventional discussions. 11, 22 Therefore, further discussions need to be carried out. So, all results are classified into three groups according to the level of spike height difference, that is, schemes 13, 14 in group A, schemes 11, 12 in group B, and schemes 9, 10, and 16 in group C, respectively. The simulation results of the total equivalent plastic strain of these schemes are shown in Figure 3 .
For group A spike forging testing, there is no material deformation between the flat part of dies, as shown in Figure 3 (a). The friction force on the tapered surface shown in Figure 3 (b) could contribute to the material filling of the spike die, and this may be the main cause for the increase in the spike height with the increase in friction factor. For group B spike forging testing, the extrusion is the main deformation mode because of the relatively large diameter ratio d/D 0 . The friction force on the tapered surface results in relatively large H 0 high . There is a local severe deformation from scheme 12 because of a smaller transition radius used in the spike forging design, as shown in Figure 3(d) . For group C spike forging testing, the large transition radius makes the material flow into the spike die much more easily and the relative height of the spike can be reached, especially in schemes 9 and 10.
According to the rules of orthogonal design method, the k value is calculated by the sum of the evaluation index of each parameter at the same level, and the R value is the difference between the maximum and minimum of the k value of each parameter. The range R listed in Table 3 indicates the effects of five design parameters on the spike height difference d. The order of the influence of these parameters is as follows: the diameter and height ratio D 0 /H 0 . the cone angle a . the inclination angle b . the transition radius r . the diameter ratio d/D 0 . And the diameter and height ratio D 0 /H 0 are more significant than the others, and this means that the billet geometry is most sensitive to the formed spike, as reported by Xu and Rao. 22 As shown in Figure 4 , the spike height difference changes significantly with the diameter and height ratio D 0 /H 0 with the maximum value obtained at the first level. The spike height difference decreases at first and then increases with the cone angle a, transition radius r, and inclination angle b with the maximum values found at the fourth level. The spike height difference changes slightly with the diameter ratio d/D 0 with the maximum value at the fourth level and the second large value at the second level.
According to the above analysis, the optimal design parameters are the diameter and height ratio at level 1 and the other parameters at level 4, that is, D 0 / H 0 = 0.91, d/D 0 = 0.5, a = 9°, r = 8 mm, and b = 15°. The optimal scheme is the fourth scheme in Table 3 , and the corresponding spike height difference d is 0.0444. The ranges R l and R h indicate that the diameter ratio d/D 0 is the least influential affecting parameter. In this study, another optimal scheme with the diameter ratio d/D 0 at level 2, that is, d/D 0 = 0.3, is also chosen. FE simulation of this optimal scheme with a chamfered billet, defined as the third optimal scheme, is carried out at the same time for comparison reasons.
The simulated deformation processes of the three optimal schemes are shown in Figure 5 , and the results of H 0 low (m = 0.1), H 0 high (m = 0.3), and d are given in Table 4 . In the Opt1 scheme, the deformation mode is more representative only to forward extrusion without container die (see Figure 5(b) ), although the spike height difference d is 0.0444, the combination of extrusion and upsetting feature is not obvious, so it is not a preferred scheme. In the Opt2 scheme, the combination of extrusion and upsetting deformation takes place and the spike height decreases with the friction factor. The spike height difference d reaches 0.284 and hence considered to be a better scheme. In the Opt3 scheme, the billet has 1 3 30°chamfer at the top and bottom end surface, this chamfer is helpful to improve the spike height because it could make the material much easier to flow into the spike die, and the spike height difference d increases to 0.299.
To evaluate the sensitivity of the spike forging with respect to friction conditions, the relative spike heights under different friction factors from m = 0.1 to m = 0.5 of the optimal schemes and the worse schemes including schemes 9 and 10 were calculated as shown in Figure 6 . Compared to the Opt1 scheme, the Opt3 scheme is still quite sensitive to the friction condition, and the spike height decreases with the increase in friction factor. As shown in Figure 6(b) , the sensitivity of schemes 9 and 10 is too small to the whole range of friction conditions as expected. However, the spike height slightly fluctuates with the increase in friction factor. Therefore, when conducting the SFT to evaluate the tribological conditions, the corresponding key parameters should be carefully designed. Otherwise, the evaluation results would not lead to sensible conclusions.
Design of SFT
To conduct spike forging testing, a normal forging die structure is needed. A surface with shallow concentric grooves on the platen was provided to position the billet during the SFT, and two load cells were used to collect the data of forging and ejecting loads. 23 However, it causes more complexity in the structure. A groove profile on the lower end of the punch prevents transverse material flow to the main tool motion, and a cylindrical billet with a small boss instead of cylindrical billet was mentioned 24 which would help the positioning of the billet in the spike die. In this work, the Opt3 scheme is adopted as the final optimal solution, and a simplified SFT set-up without shallow concentric grooves on the lower flat die is designed as shown in Figure 7 . The corresponding optimized parameters of the die are as follows: top diameter d = 6 mm (D 0 = 20 mm), cone angle a = 9°, transition radius r = 8 mm, and inclination angle b = 15°. The fixed platen with left turn screw is used to install the set-up on the Instron 250 kN testing machine, and four bolts are used to connect the spike die with fixed platen, and the platen without any shallow concentric groove is put on the platform on the testing machine. Both the spike die and platen are made of H13 steel, hardened by heat treatment, and re-hardened by the Tufftride process. The working surfaces of dies were treated by lapping and polishing process, and the mirror surface with a surface roughness of Ra = 0.05 mm was achieved. Two retainers with clearance fit and the billet with chamfer were designed to position the billet in the center of the spike die. The fine positioning wheel on the Instron control panel was used to adjust the contact between the billet and the spike die, and the contact force was mentioned during the process. The spike die was moved down slowly until there was approximately 0.05 kN of force applied to the billet, and this allowed the billet to be automatically centered during this process. During the test, the forging load was collected by the Bluehill2 data acquisition system of the Instron machine.
Experimental testing
Three different lubricants including VG32 oil, multipurpose grease, and a dry polytetrafluoroethylene (PTFE) lubricant were used in the spike forging testing. For the VG32 oil, its density at 15°C is 0.87 g/mL and the kinematic viscosity at 40°C is 32 mm 2 /s. For the multipurpose grease, the relative density at 20°C is 0.91 g/mL and it is insoluble in water. For the dry PTFE lubricant, the density is 0.667 g/mL and its main component is PTFE. A group of chamfered cylinder billets were also prepared from annealed Al6082 material. Four tribological conditions were evaluated by using the optimal SFT. Under dry friction condition, the billets were forged without any lubricants. On applying VG32 oil, the billets were brushed as evenly as possible, while in the case of multipurpose grease, the billets were carefully coated manually. Using dry PTFE lubricant, both the billet and the spike die were sprayed using spray nozzle. When the tests were carried out, the target stroke and compress rate were set as 15.5 mm and 0.1 mm/s, respectively, and then the Instron testing machine worked at a constant speed and stopped when the stroke reached 15.5 mm. The low speed could help to achieve more precise final stroke of the die; therefore, the scattering of spike height could be decreased, and this could make the evaluation result more steady. Furthermore, the low speed could protect the testing machine which is daily used in the lab.
The stroke-load curves for four different lubricating conditions of all the tests are presented in Figure 8 and the corresponding maximum forging loads were extracted and recorded in Table 5 . The selected samples after the SFTs are shown in Figure 9 , and the spike heights of samples were measured and also listed in Table 5 . Under the dry condition, the compression was stopped before the target stroke because of the initial set of 240 kN force limit of the Instron machine, and because of this, the spike heights were not measured. From the data shown in Table 5 , it is easy to evaluate the different tribological conditions. The order of lubricating effect is as follows: dry PTFE lubricant . multipurpose grease . VG32 oil . dry condition.
Discussion
During spike forging process, the cylindrical billet is extruded and upset at the same time, and its deformation feature is very typical in many actual forging processes. The deformation mode always changes with the design parameters. Sometimes the extrusion is the dominate form of deformation, while at other times, the upsetting can be the dominate form of deformation. In the end of spike forging process, there is a balance between extrusion and upsetting.
The design geometric parameters of the spike die and billet play an important role in affecting the spike height after deformation and the deformation force. In some cases, the spike height does not change with the friction conditions significantly and this could lead to confusing results for lubricating evaluation.
Because of these issues mentioned above, the SFT should be critically evaluated before its implementation in assessing tribological conditions in metal forming. Proper design parameters can be found by optimization based on FE simulation results.
Except for the die shape, which can directly influence the surface pressure, sliding length, and surface expansion, the temperature generated in cold forging, the deformation speed, the thickness, toughness, and other properties of lubricant film, and the micro feature of surface topography of workpiece and dies can play important effect on the friction behavior in cold forging. Therefore, more experimental works and further analysis should be performed in the future work.
Conclusion
1. Based on literature review, the key parameters of the SFT were selected and their variation ranges were defined. To achieve higher sensitivity from the SFT to friction condition, an optimal spike test was obtained by the orthogonal optimization method based on FE simulation results. In the optimization, the spike height difference is defined as the objective, and the optimized spike forging parameters are the diameter and height ratio D 0 /H 0 = 0.91, diameter ratio d/D 0 = 0.3, cone angle a = 9°, transition radius r = 8 mm, and inclination angle b = 15°. 2. The sensitivity analysis of the spike forging to different tribological conditions of three optimal schemes and the worse schemes shows that the spike height does not always monotonically decrease with the increase in the friction factor in the worse schemes. Therefore, optimal parameters need to be used in SFT for evaluating tribological conditions. 3. According to the optimization results, a simplified spike die test set-up was designed. Two retainers with a clearance fit and the billet with a chamfer were used to help position the billet in the center of the spike die. And the measured spike height and the maximum forging load collected from data acquisition system were used as the evaluation indexes. 4. Finally, four different tribological conditions in spike forging of aluminum billets were evaluated by the optimal SFT in the lab. By comparing both the spike heights and the forging loads, the order of lubricating effect was dry PTFE lubricant . multipurpose Grease . VG32 oil . dry condition.
